Background-Preoperative anemia is an important risk factor for perioperative red blood cell transfusions, which are associated with postoperative morbidity and mortality. Whether preoperative anemia also is an independent risk factor for adverse outcomes after cardiac surgery, however, has not been fully elucidated. Methods and Results-In this multicenter cohort study, data were collected on 3500 consecutive patients who underwent cardiac surgery during 2004 at 7 academic hospitals. The prevalence of preoperative anemia, defined as hemoglobin Ͻ12.5 g/dL, and its unadjusted and adjusted relationships with the composite outcome of in-hospital death, stroke, or acute kidney injury were obtained. The overall prevalence of preoperative anemia was 26%, with values ranging from 22% to 30% at the participating hospitals. After the exclusion of patients who had severe preoperative anemia (hemoglobin Ͻ9.5 g/dL) or preoperative kidney failure and those who underwent emergency surgery, the composite outcome was observed in 7.5% of patients (247 of 3286). The unadjusted odds ratio for the composite outcome in anemic versus nonanemic patients was 3.6 (95% confidence interval, 2.7 to 4.7). The risk-adjusted odds ratios, obtained by multivariable logistic regression and propensity-score matching to control for important confounders (including comorbidities, institution, surgical factors, and blood transfusion), were 2.0 (95% confidence interval, 1.4 to 2.8) and 1.8 (95% confidence interval, 1.2 to 2.7), respectively. Conclusions-Preoperative anemia is independently associated with adverse outcomes after cardiac surgery. Future studies should determine whether therapies aimed at treating preoperative anemia would improve the outcomes of patients undergoing cardiac surgery. (Circulation. 2008;117:478-484.)
P
reoperative anemia in cardiac surgery is an important health issue. Cardiac surgery is common, with Ϸ646 000 open-heart operations performed annually in the United States alone, 1 and it consumes a substantial portion (up to 20%) of the red blood cell (RBC) supply. 2 Preoperative anemia is important because it is the single most important determinant of perioperative RBC transfusions, 3 which have many risks and side effects. 4, 5 Preoperative anemia also may have independent harmful effects, as suggested by recent data
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in the general and elderly populations, 6, 7 in patients with coronary artery disease and congestive heart failure, 8 -10 and in cardiac surgery, [11] [12] [13] in which anemia has been shown to be an independent risk factor for short-and long-term morbidity and mortality.
Preoperative anemia, if found to be an important cause of (rather than simply being associated with) adverse outcomes after cardiac surgery, is also a convenient target for intervention. The 3 most common causes of preoperative anemia in cardiac surgery are hospital-acquired anemia, iron-deficiency anemia, and anemia of chronic disease, 14 all of which are readily diagnosable and treatable. Despite the heavy burden of preoperative anemia in cardiac surgery and the ease with which it can be diagnosed and treated, only 3 studies have examined in depth the implications of preoperative anemia in cardiac surgery. [15] [16] [17] These studies, however, were for the most part limited by small sample size, single-center design, or the failure to account for important confounders. In view of these limitations, we undertook a multicenter, retrospective cohort study to delineate the independent relationship between preoperative anemia and outcomes after cardiac surgery.
Methods Study Setting, Patient Sample, and Data Collection
Seven university-affiliated Canadian hospitals participated in the study. After institutional research ethics board approval was obtained, data were retrospectively collected on 500 consecutive adult (Ͼ18 years of age) patients who underwent cardiac surgery with cardiopulmonary bypass (CPB) at each hospital in 2004. Patients were identified from hospital administrative databases in reverse chronological order starting from December 31, 2004 . If a patient underwent Ͼ1 relevant procedure during the study period, only the initial surgery was included for analysis. We excluded cases involving heart transplantation, ventricular assist device placement, or repair of complex congenital abnormalities because these procedures were not performed at all participating hospitals.
Using standardized case report forms, we collected detailed perioperative data (including demographics, laboratory tests, nature of surgery, blood product transfusions, re-exploration rates, postoperative complications, and lengths of stay in the intensive care unit and hospital) from existing clinical databases and hospital charts. Data were entered into a computerized database, which was programmed to accept only matching double-entry data falling within prespecified ranges. All queries were resolved by referring to the patients' original records.
Dependent Variable
The primary dependent variable was the composite outcome of in-hospital death, stroke (any persistent new neurological deficit after surgery), or acute kidney injury (Ͼ2-fold increase in creatinine concentration to above normal levels of 100 mol/L in women and 110 mol/L in men or the need for dialysis support).
Statistical Analyses
SAS version 9.1 (SAS Institute, Inc, Cary, NC) and R 2.3.1 (R Foundation for Statistical Computing, Vienna, Austria) were used for the statistical analyses. Categorical variables were summarized as frequencies and percentages; continuous variables were summarized as means and SDs. Patients who had severe anemia (hemoglobin Ͻ9.5 g/dL), required emergency surgery, or were dialysis dependent were excluded from analyses because anemia in these patients is most likely to be a marker for severity of illness.
The prevalence of preoperative anemia, defined as a hemoglobin concentration Ͻ12.5 g/dL (which is the average threshold of the World Health Organization's gender-based definition of 12.0 g/dL in women and 13.0 g/dL in men), 18 was measured at each of the hospitals. We also graphically evaluated the unadjusted association between preoperative hemoglobin and composite adverse outcome. Specifically, we calculated the prevalence of the composite adverse event within classes defined by preoperative hemoglobin (categorized in 1.5-g/dL increments from 9.5 to Ն15.5 g/dL).
Multivariable logistic regression modeling was carried out to assess the independent relationship between preoperative anemia and the composite adverse outcome. Initially, bivariate analyses (using the 2 statistic for categorical variables and the t test or Wilcoxon rank-sum test for continuous variables) were carried out to identify preoperative and intraoperative variables that were associated with preoperative anemia, as defined above, and the composite adverse outcome. The mathematical relationships between the continuous independent variables and the composite outcome were assessed through the use of cubic spline functions. 19, 20 Variables that were not linearly related were mathematically transformed, categorized along appropriate cut points, or converted into multiple dichotomous variables. 21 All clinically sensible variables with values of PϽ0.3 in bivariate associations were entered into a multivariable logistic regression model. Subsequent retention in this model was determined with backward stepwise selection, where PϽ0.1 was the criterion for variable retention. A Pearson correlation matrix of variables was used to identify collinear independent variables. 21 In sensitivity analyses, 2 additional models were constructed that excluded patients on the basis of whether they had received RBC transfusions intraoperatively or had undergone nonelective surgery.
We assessed model discrimination using the c index and calibration using the Hosmer-Lemeshow statistic (larger probability value means better calibration) and an observed-versus-predicted plot. To correct for possible overoptimism in these estimates, we also used bootstrap methods (nϭ200) to calculate bias-corrected estimates of discrimination and calibration. 22, 23 Propensity Score-Based Matching Patient matching based on propensity scores was used to obtain an approximately unbiased estimate of the effects of preoperative anemia on the composite outcome by balancing measured covariates in anemic and nonanemic patients. 24 The propensity score for preoperative anemia was derived with a multivariable logistic regression model. The regression model included all measured independent variables that could be related to preoperative anemia, as well as important 2-way interaction terms.
Using a 531 computerized greedy matching technique, patients with preoperative anemia were then matched 1:1 to patients without preoperative anemia on the basis of similar propensity scores. 25 Measured covariates and adverse postoperative events in these matched pairs were compared by use of a paired t test or Wilcoxon signed-rank test for continuous variables and conditional matchedpair logistic regression for categorical variables. 26, 27 The authors had full access to and take full responsibility for the integrity of the data. All authors have read and agree to the manuscript as written.
Results
The study included 3500 patients; each hospital contributed 500 patients. Sixty-seven percent of patients underwent isolated coronary artery bypass graft surgery, 9% underwent single-valve procedures (repair or replacement), and 24% underwent other types of procedures, primarily combined coronary artery bypass graft surgery and valve surgery or aortic surgery. Ten patients with missing preoperative hemoglobin values were excluded from analysis. Sixty-two patients who were missing Ն1 confounding variables were excluded from the multivariable analyses (logistic regression and propensity score matching).
The mean (ϮSD) preoperative hemoglobin concentration was 13.4Ϯ1.7 g/dL, with values ranging from 5.8 to 18.0 g/dL. The overall prevalence of anemia, defined as hemoglobin concentration Ͻ12.5 g/dL, was 26%, with values ranging from 22% to 30% at the participating hospitals. Figures 1 and 2 show the unadjusted relationships (using histograms and spline functions, respectively) between preoperative hemoglobin concentration and the composite outcome after patients who had severe anemia (hemoglobin Ͻ9.5 g/dL), required emergency surgery, or were dialysis dependent preoperatively were excluded (total excluded, 204). The unadjusted relationships of preoperative anemia with perioperative variables and measured outcomes in the 3286 patients retained in the analyses are shown in Tables 1 and 2 , respectively. The unadjusted odds of the composite outcome was 360% higher in anemic than nonanemic patients (odds ratio [OR], 3.6; 95% confidence interval [CI], 2.7 to 4.7; PϽ0.0001) ( Table 3 ).
Adjusting for Confounders by Multivariable Logistic Regression Modeling
In the logistic regression models assessing the relationship between preoperative anemia and the adverse composite outcome, intraoperative RBC transfusions were included as a confounding variable, categorized as 0, 1 to 2, 3 to 4, 4 to 6, and 4 , thereby suggesting that collinearity was not a concern in the logistic regression analyses. After these variables were controlled for, preoperative anemia was independently associated with the composite adverse outcome (OR, 2.0; 95% CI, 1.4 to 2.8; PϽ0.0001) ( Table 3) . The model had good calibration (Hosmer-Lemeshow test, Pϭ0.3) and discrimination (c index, 0.82; bias corrected, 0.79). Preoperative anemia was the second most predictive variable in the model; CPB duration was the most predictive variable. Other predictive variables, in order of importance, were surgeon, RBC transfusion, age, weight, preoperative atrial fibrillation, diabetes, procedure type, hypertension, recent myocardial infarction, preoperative left ventricular dysfunction, preoperative thrombocytopenia, urgency of procedure, and preoperative renal dysfunction. Addition of interaction terms did not significantly influence the model. The models were similar when patients were included on the basis of whether they had received intraoperative RBC transfusions (Table 3) or had undergone nonelective surgery (not shown).
Adjusting for Confounders by Propensity Score Matching
The propensity score was based on a nonparsimonious logistic regression model with 28 included variables. The score performed well in balancing measured confounders. Before matching, there were 29 statistically significant differences between anemic and nonanemic patients with regard to perioperative characteristics (Table 1 ). In the course of propensity-score matching, we successfully matched 515 anemic patients to 515 nonanemic patients. Other than preoperative hemoglobin concentration, the matched pairs did not differ with regard to any perioperative characteristics (Table 1) . Importantly, the matched pairs had similar intraoperative RBC transfusion rates (Table 1) , which suggests that blood loss was greater in the matched nonanemic patients. Consistent with this, platelet and plasma transfusion rates were higher in the nonanemic patients compared with their matched anemic counterparts (Table 1) . Despite having balanced confounders and possibly lower blood loss, matched anemic patients had higher adverse outcomes rates than their nonanemic counterparts ( Table 2 ). The odds ratio of the composite adverse outcome in the matched anemic patients was 1.8 (95% CI, 1.2 to 2.7) ( Table 3) .
Discussion
In this retrospective study of consecutive patients who underwent cardiac surgery at 7 hospitals during 2004, we found that preoperative anemia was a highly prevalent condition that was independently associated with adverse outcomes. In this sample, fully one quarter of patients were anemic (hemoglobin Ͻ12.5 g/dL) on presentation for nonemergency surgery. Moreover, after adjustment for important preoperative and perioperative confounders, anemic patients had a markedly greater odds of suffering an adverse outcome (death, stroke, or acute kidney injury) than nonanemic patients.
To date, the prognostic value of anemia has been studied primarily in nonoperative settings, where it has been shown to be an important risk factor for short-and long-term outcomes in the general and elderly populations, 6, 7 patients with coronary artery disease, 8, 9 and patients with congestive heart failure. 10 Several studies also have found preoperative anemia to be predictive of adverse outcomes in cardiac surgery. [11] [12] [13] Consistent with these studies, our study indicates that preoperative anemia is an important risk factor for short-term complications in patients undergoing cardiac surgery. Moreover, because the risks of (14) 124 (16) 84 (16) 80 (16) 4 381 (15) 92 (12) 70 (14) 68 (13) 5 358 (14) 105 (14) 74 (14) 66 (13) 6 348 (14) 129 (17) 74 (14) 84 (16) 7 374 (15) 99 (13) 69 (13) 72 (14) Cases operated on by surgeons whose composite complication rate was greater than the median rate in the entire sample, n (%) preoperative anemia were independent of RBC transfusions, our study highlights the particular importance of preoperative anemia as a risk factor in the cardiac surgery setting where it often necessitates RBC transfusions, exposing patients to the additional risks of RBC transfusions. 4, 5 To the best of our knowledge, the relationship between preoperative anemia and adverse outcomes in cardiac surgery has been examined in depth by only 3 previous studies, all of which found it to be independently associated with adverse postoperative outcomes. [15] [16] [17] In the study by Zindrou and associates, 15 in-hospital mortality of 62 severely anemic patients (hemoglobin Յ10.0 g/dL) was compared with that in 2075 nonanemic patients (hemoglobin Ͼ10.0 g/dL). After adjustment for several preoperative comorbidities, anemia was associated with approximately a 3-fold increase in the odds of in-hospital death (OR, 3.2; 95% CI, 1.2 to 8.1). In the study by Cladellas and associates, 16 in-hospital morbidity and mortality of 42 anemic patients (hemoglobin Ͻ12.0 g/dL) were compared with those of 159 nonanemic patients (hemoglobin Ն12.0 g/dL). After adjustment for several preoperative comorbidities, anemia was associated with a Ͼ3-fold increase in the odds of death (OR, 3.2; 95% CI, 1.1 to 9.55) and a Ͼ5-fold increase in the odds of major complications (OR, 5.2; 95% CI, 2.2 to 1.44). In the study by Kulier and associates, 17 the relationship between preoperative anemia with cardiac and noncardiac adverse events was assessed in 4804 patients who underwent cardiac surgery at 72 institutions during the 1990s, with multivariable logistic regression used to adjust for the effects of confounders. This study found a strong independent association between preoperative anemia and noncardiac complications (which included cerebral, renal, gastrointestinal, and "other" adverse events) but not cardiac complications. After risk adjustment, each 1-g/dL drop in hemoglobin concentration below 14 g/dL was associated with an Ϸ15% increase in the odds of the composite noncardiac adverse events. 17 Compared with previous studies, our study had several strengths. Most important, we adjusted for a greater number of confounders that included an extensive number of comorbidities, the institution where the surgery was performed, and the surgeon effect, as well as for important intraoperative variables such as CPB duration and intraoperative RBC transfusions. By adjusting for intraoperative RBC transfusions, we essentially compared patients who had preoperative anemia with those who did not have preoperative anemia but received similar amounts of intraoperative RBC transfusions. It would follow, therefore, that we compared anemic patients with nonanemic patients with greater perioperative blood loss, which would explain why plasma and platelet transfusion rates were substantially higher in the nonanemic patients. The fact that nonanemic patients had better outcomes than anemic patients, despite having lost more blood and having received more blood products perioperatively, attests to the robustness of our results and the importance of anemia as a risk factor for adverse outcomes. (4) 173 (22) 70 (14) 68 (13) 5-6 18 (1) 34 (4) 16 (3) 14 (3)
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19 (1) 26 (3) 8 (2) Other strengths of our study were that it included a large number of consecutive patients who underwent a wide variety of cardiac surgical procedures at multiple hospitals in the recent past and that it used a comprehensive, accurate set of data obtained by data abstractors who were blinded to the objectives of this study. Moreover, our results were consistent using 2 different statistical risk adjustment methods, namely multivariable logistic regression and propensity-score matching. Finally, we used explicit outcomes that are easily diagnosable after cardiac surgery. These characteristics enhance the generalizability and validity of our results.
There are several limitations to be considered when our study is interpreted. First, because this was a retrospective observational study, causality could not be determined. Therefore, it is possible that preoperative anemia was associated with adverse outcomes simply because it is a marker for severity of illness. Second, the effects of unknown or unmeasured confounders on the observed association cannot be ruled out. Owing to the breadth of the variables we included in our multivariable analyses and the robustness of our results, however, the effects of any such confounders are unlikely to be large. Third, neither the cause nor the duration of preoperative anemia, both of which have prognostic implications, was known. Excluding those most likely to have acute anemia (nonelective cases), however, did not have a material effect on our results (not shown). Fourth, the duration of follow-up was limited to the period of hospitalization. Thus, postdischarge complications could not be accounted for in our analysis.
Another limitation of our study is that we could not delineate the mechanisms by which preoperative anemia may lead to adverse outcomes. We did find, however, that hemoglobin concentrations throughout the perioperative period were markedly lower in patients with preoperative anemia than in those without preoperative anemia (Figure 3 ), even though perioperative RBC transfusion triggers were not dependent on patients' preoperative hemoglobin status. This suggests that patients with preoperative anemia may be at risk for inadequate tissue oxygen delivery at some points during the perioperative period, resulting in impaired tissue oxygenation and organ dysfunction. Consistent with this hypothesis, there is experimental evidence that oxygen supply to critical organs is compromised during the early stages of anemia. 28 Moreover, several recent clinical studies have found that severe anemia and low oxygen delivery during CPB are associated with increased risk of renal failure, stroke, and death. 29 -33 The findings of this study may have important clinical implications. If the observed association between preoperative anemia and adverse outcomes in cardiac surgery is indeed causal, then diagnosing and correcting preoperative anemia may improve outcomes. Because available therapies (iron and erythropoietin) are not risk free and may necessitate delay of surgery, however, randomized controlled clinical trials are warranted to determine whether treating preoperative anemia improves outcomes in cardiac surgical patients.
Conclusions
This multicenter retrospective study found that preoperative anemia was independently associated with adverse outcomes after cardiac surgery. Importantly, this association was independent of the effects of RBC transfusion. Future studies should determine whether therapies aimed at treating preoperative anemia would improve perioperative outcomes of patients undergoing cardiac surgery.
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